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The
  present
  study
  investigated
  the
  in
  vivo
  effect
  of
  chicory
  root
  on
  testicular
  steroid
  concentrations
  and
androstenone
  metabolizing
  enzymes
  in
  entire
  male
  pigs.
  Furthermore,
  the
  effect
  on
  skatole
  and
  indole
concentrations
 in
 plasma
 and
 adipose
 tissue
 was
 investigated.
 The
 pigs
 were
 divided
 into
 two
 groups;
 one
receiving
  experimental
  feed
  containing
  10%
  dried
  chicory
  root
  for
  16
  days
  before
  slaughter,
  the
  control
group
  was
  fed
  a
  standard
  diet.
  Plasma,
  adipose
  and
  liver
  tissue
  samples
  were
  collected
  at
  slaughter.
Plasma
  was
  analyzed
  for
  the
  concentration
  of
  testosterone,
  estradiol,
  insulin-like
  growth
  factor
  1
  (IGF-
1),
  skatole
  and
  indole.
  Adipose
  tissue
  was
  analyzed
  for
  the
  concentration
  of
  androstenone,
  skatole
  and
indole,
  while
  the
  liver
  tissue
  was
  analyzed
  for
  mRNA
  and
  protein
  expressions
  of
  3-hydroxysteroid
dehydrogenase
  (3-HSD),
  sulfotransferase
  2A1
  and
  heat-shock
  protein
  70
  (HSP70).
  The
  results
  showed
that
 the
 androstenone
 concentrations
 in
 the
 adipose
 tissue
 of
 chicory
 fed
 pigs
 were
 signiﬁcantly
 (p
 <
 0.05)
lower
 and
 indole
 concentrations
 were
 higher
 (p
 <
 0.05)
 compared
 to
 control
 fed
 pigs.
 Moreover
 the
 chicory
root
  fed
  pigs
  had
  increased
  mRNA
  and
  protein
  expression
  of
  3-HSD
  and
  decreased
  HSP70
  expression
(p
 <
 0.05).
  Testosterone
  and
  IGF-1
  concentrations
  in
  plasma
  as
  well
  as
  skatole
  concentrations
  in
  adipose
tissue
  were
  not
  altered
  by
  dietary
  intake
  of
  chicory
  root.
  It
  is
  concluded
  that
  chicory
  root
  in
  the
  diet
reduces
  the
  concentration
  of
  androstenone
  in
  adipose
  tissue
  via
  induction
  of
  3-HSD,
  and
  that
  these
changes
  were
  not
  due
  to
  increased
  cellular
  stress.
© 2012 Elsevier Ltd. All rights reserved.
1.
  Introduction
Steroids
  of
  testicular
  origin
  are
  known
  for
  their
  diverse
  effect
in
  pigs.
  Male
  pigs
  possess
  high
  concentrations
  of
  androstenone
(5-androst-16-en-3-one),
  estradiol
  and
  testosterone
  in
  plasma
[1].
  This
  leads
  to
  increased
  levels
  of
  the
  main
  boar
  taint-related
compounds
  androstenone
  and
  skatole
  (3-methylindole)
  in
  adipose
tissue
  in
  sexually
  mature
  male
  pigs
  and
  decreased
  meat
  quality.
Clearance
  of
  endogenous
  compounds
  and
  xenobiotics
  by
  the
  liver
is
  usually
  conducted
  in
  two
  steps:
  Phase
  I
  and
  II
  [2].
  Phase
  I
  typi-
cally
  consists
  of
  an
  oxidation
  of
  the
  compound
  usually
  catalyzed
  by
cytochrome
  P450
  (CYP450)
  enzymes,
  while
  Phase
  II
  is
  conducted
by
  a
  more
  diverse
  group
  of
  enzymes
  and
  consists
  of
  conjugation
with
  a
  hydrophilic
  group,
  like
  glucuronidation,
  sulfoconjugation
or
  glucosidation.
  The
  outcome
  of
  Phase
  I
  and/or
  II
  metabolism
  is
often
  the
  elimination
  of
  the
  compound
  by
  excretion.
  In
  pigs,
  the
endogenous
  boar
  taint
  compounds
  androstenone
  and
  skatole
  are
processed
  by
  Phase
  I
  and
  II
  enzymes
  before
  excretion
  via
  the
  urine
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[3].
  Hepatic
  metabolism
  of
  androstenone
  in
  pigs
  is
  mainly
  medi-
ated
  by
  the
  3-hydroxysteroid
  dehydrogenase
  (3-HSD)
  followed
by
  sulfoconjugation
  by
  hydroxysteroid
  sulfotransferase
  isoforms
2A1(SULT2A1)
  or
  2B1
  [3].
  The
  Phase
  I
  metabolism
  of
  skatole
  is
mainly
  mediated
  by
  hepatic
  CYP1A2,
  CYP2A
  and
  CYP2E1
  [4,5].
There
  is
  a
  strong
  interaction
  between
  testicular
  steroids
  and
skatole
  metabolism
  in
  the
  liver
  due
  to
  involvement
  of
  testic-
ular
  steroids
  in
  the
  regulation
  of
  CYP450.
  In
  vitro
  experiments
with
  porcine
  primary
  hepatocytes
  have
  shown
  that
  androstenone
increases
  the
  protein
  expression
  of
  CYP2A6,
  while
  estradiol
  sul-
fate
  and
  testosterone
  had
  no
  effect
  on
  CYP2A6
  protein
  expression
[6].
  Moreover,
  in
  porcine
  primary
  hepatocytes,
  androstenone
  was
shown
  to
  inhibit
  a
  skatole
  induced
  increase
  in
  CYP2E1
  expression
[7].
  However,
  androstenone
  alone
  did
  not
  affect
  CYP2E1
  expres-
sion.
  Kojima
  et
  al.
  [8]
  showed
  that
  administration
  of
  testosterone
propionate
  to
  pigs
  decreased
  the
  expression
  of
  CYP1A.
  The
  sug-
gestion
  that
  CYP450
  expression
  in
  pigs
  is
  affected
  by
  steroids
  is
further
 supported
 by
 studies
 showing
 difference
 in
 CYP450
 expres-
sion/activity
  with
  respect
  to
  gender
  [9–13],
  castration
  [14]
  and
immunocastration
  (active
  immunization
  against
  GnRH)
  [11,15].
These
  studies
  provide
  strong
  evidence
  that
  androgens
  and
  estro-
gens
  have
  a
  down-regulating
  effect
  on
  CYP450
  expression
  and
activity.
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Apart
  from
  testicular
  steroids,
  dietary
  composition
  has
  been
shown
  to
  modulate
  CYP450
  expression
  in
  humans
  [16],
  rats
  [17]
and
  pigs
  [18].
  Oral
  administration
  of
  chicory
  root
  to
  male
  pigs
was
  shown
  to
  increase
  the
  expression
  and
  activity
  of
  CYP1A2
  and
2A.
  The
  observed
  increase
  in
  CYP450
  expression
  in
  chicory
  fed
  pig
and
 the
 suggestion
 that
 steroids
 down-regulate
 CYP450
 expression,
led
  to
  the
  hypothesis
  that
  chicory
  fed
  pigs
  has
  decreased
  concen-
trations
  of
  testicular
  steroids
  and
  increased
  expression
  of
  steroid
metabolizing
  enzymes.
This
  study
  is
  an
  extension
  of
  previous
  work
  from
  our
  research
group
  showing
  that
  administration
  of
  chicory
  root
  to
  sexually
mature
  pigs
  increases
  CYP2A,
  1A2
  and
  2E1
  mRNA
  expression,
  as
well
  as
  CYP2A
  and
  CYP1A2
  activity
  and
  protein
  expression
  [18].
The
  aim
  of
  the
  present
  study
  was
  to
  investigate
  the
  effect
  of
  oral
administration
  of
  chicory
  root
  on
  steroid
  concentration
  in
  plasma
and
  adipose
  tissue
  and
  steroid
  metabolism
  in
  the
  liver.
  The
  mRNA
and
  protein
  expression
  of
  3-HSD
  and
  SULT2A1
  was
  analyzed.
Increased
  expression
  of
  phase
  I
  and/or
  II
  enzymes
  are
  often
  related
to
  toxicological
  responses,
  so
  to
  evaluate
  if
  this
  is
  the
  reason
  for
the
  changes
  related
  to
  consumption
  of
  chicory
  we
  investigated,
  the
mRNA
  and
  protein
  expression
  of
  heat-shock
  protein
  70
  (HSP70).
The
  expression
  of
  HSP70
  is
  related
  to
  increased
  hepatic
  cellular
stress
  [19,20].
2.
  Materials
  and
  methods
2.1.
  Animals
  and
  sampling
Experimental
  design
  and
  slaughter
  procedure
  is
  described
  in
Rasmussen
  et
  al.
  [18].
  Brieﬂy,
  22
  entire
  male
  pigs
  were
  randomly
assessed
 to
 experimental
 (16
 pigs)
 or
 control
 (6
 pigs)
 feeding
 strate-
gies
  16
  days
  prior
  to
  slaughter.
  The
  pigs
  receiving
  experimental
feed
  were
  given
  a
  diet
  containing
  10%
  dried
  chicory
  root,
  while
the
  control
  group
  remained
  fed
  with
  the
  energy
  matched
  control
diet.
  The
  two
  groups
  of
  pigs
  were
  kept
  in
  separate
  pens.
  All
  pigs
were
  fed
  ad
  libitum
  and
  slaughtered
  at
  the
  same
  age
  in
  a
  com-
mercial
  slaughter
  house.
  Blood
  samples
  were
  collected
  at
  the
  time
of
  killing,
  while
  liver
  and
  adipose
  tissue
  samples
  were
  collected
approximately
  20
 min
  later
  at
  the
  opening
  of
  the
  carcass.
  Tissue
samples
  were
  immediately
  frozen
  in
  liquid
  nitrogen
  and
  stored
  at
−80 ◦C
  until
  further
  analysis.
  Due
  to
  an
  error
  during
  the
  slaugh-
ter
  procedure,
  only
  14
  tissue
  samples
  from
  the
  experimentally
  fed
pigs
  were
  obtained.
  Blood
  samples
  were
  kept
  on
  ice
  until
  arrival
at
  laboratory.
  At
  arrival,
  plasma
  was
  separated
  from
  blood
  cells
  by
centrifugation
  at
  2000
 ×
 g
  for
  15
 min
  and
  stored
  at
  −20 ◦C.
2.2.
  Determination
  of
  testosterone,
  estradiol
  and
  IGF-1
Testosterone
  concentration
  in
  plasma
  was
  measured
  using
  a
commercial
  RIA
  kit
  (TKTT,
  Diagnostic
  Products
  Corporation,
  Los
Angeles,
  CA,
  USA),
  according
  to
  the
  manufacturer’s
  instructions.
IGF-1
  concentration
  in
  plasma
  was
  measured
  using
  a
  commer-
cial
 EIA
 kit
 (DSL-10-2800,
 Diagnostic
 System
 Laboratories,
 Webster,
TX,
  USA)
  in
  accordance
  with
  the
  manufacturer’s
  instructions.
Estradiol
  concentration
  in
  plasma
  was
  measured
  using
  a
  com-
mercial
  EIA
  human
  salivary
  kit
  (1-3702,
  Salimetrics,
  State
  College,
PA,
  USA),
  through
  an
  adaptation
  of
  the
  manufacturer’s
  protocol
[21].
  In
  brief,
  plasma
  samples
  were
  diluted
  with
  equal
  volume
water
  and
  then
  kept
  overnight
  at
  4 ◦C.
  200
 l
  of
  the
  plasma
  mix-
tures
  were
  then
  added
  to
  the
  pre-coated
  wells
  and
  incubated
  1
 h
at
  room
  temperature
  on
  a
  rotator
  (500
 rpm)
  and,
  additionally,
  1
 h
without
  rotation.
  After
  the
  pre-incubation,
  all
  following
  steps
  were
performed
  in
  accordance
  with
  the
  manufacturer’s
  instructions.
2.3.
  Determination
  of
  skatole,
  indole
  and
  androstenone
The
  determination
  of
  skatole
  and
  indole
  concentrations
  in
plasma
 was
 performed
 by
 UHPLC,
 through
 an
 adaptation
 of
 our
 pre-
vious
  method
  [22].
  Chromatography
  was
  carried
  out
  on
  a
  LaChrom
Ultra
  system
  (Merck),
  consisting
  of
  a
  binary
  pumping
  system
(L-2160U),
  autosampler
  (L-2200U),
  column
  oven
  (L-2300),
  ﬂuo-
rescence
  detector
  (L-2485U)
  and
  EZ
  Chrom
  Elite
  (Version
  3.2.1)
software.
  In
  brief,
  plasma
  samples
  were
  mixed
  with
  equal
  vol-
ume
  of
  acetone
  and
  mixed
  for
  30
 s.
  The
  samples
  were
  then
  kept
at
  −20 ◦C
  for
  20
 min
  and
  centrifuged
  for
  20
 min
  at
  12.000
 ×
 g
(4 ◦C).
  The
  clear
  supernatants
  were
  injected
  on
  a
  Hibar
  Purospher
STAR
  (50
 mm
 ×
 2.1
 mm,
  2
 m)
  column
  (Merck).
  The
  mobile
  phase
was
  delivered
  isocratically,
  using
  45%
  methanol
  and
  55%
  H2O,
both
  with
  0.1%
  acetic
  acid.
  At
  a
  ﬂow
  rate
  of
  0.6
 ml/min,
  indole
and
  skatol
  were
  eluted
  after
  approximately
  1.07
  and
  2.13
 min,
respectively.
  Fluorescence
  detection
  was
  performed
  with
  an
  exci-
tation
  wavelength
  of
  275
 nm
  and
  an
  emission
  wavelength
  of
360
 nm.
Concentrations
  were
  calculated
  using
  a
  standard
  curve
  of
  ska-
tole
  and
  indole
  dissolved
  in
  H2O
  and
  measured
  under
  the
  same
conditions.
In
  order
  to
  analyze
  skatole,
  indole
  and
  androstenone
  in
fat,
  the
  samples
  were
  ﬁrst
  liqueﬁed
  in
  a
  microwave
  oven
at
  300
 W
  for
  3
 min.
  Then
  150
 l
  liquid
  fat
  was
  mixed
  with
750
 l
  methanol
  (containing
  0.33
 g/ml
  androstenone
  as
  inter-
nal
  standard)
  and
  incubated
  at
  60 ◦C
  for
  5
 min
  before
  vortexing
for
  30
 s.
  After
  60
 min
  incubation
  at
  −20 ◦C,
  the
  samples
  were
centrifuged
  at
  4500
 ×
 g
  for
  5
 min.
  For
  analysis
  of
  indole
  and
skatole,
  the
  supernatant
  was
  analyzed
  by
  HPLC
  according
  to
Chen
 et
 al.
 [23].
 For
 analysis
 of
 androstenone,
 140
 l
 of
 supernatant
was
 mixed
 with
 4.4
 l
 H2O,
 10
 l
 BF3 and
 30
 l
 2%
 dansylhydrazine
(w/v)
  and
  incubated
  for
  5
 min
  before
  performing
  HPLC
  analysis
according
  to
  Chen
  et
  al.
  [23].
2.4.
  RNA
  isolation
  and
  semiquantitative
  PCR
RNA
 isolation,
 reverse
 transcription
 and
 PCR
 was
 done
 according
to
  Rasmussen
  et
  al.
  [13].
  Brieﬂy,
  RNA
  was
  isolated
  from
  approxi-
mately
  10
 mg
  of
  homogenized
  liver
  tissue
  using
  a
  commercial
  RNA
isolation
 kit
 (Rnasey
 Mini
 Kit,
 WVR,
 Herlev,
 Denmark),
 according
 to
the
  manufacture’s
  instruction.
  The
  concentration
  of
  isolated
  RNA
was
  estimated
  by
  measuring
  the
  absorbance
  at
  260
 nm,
  and
  the
purity
  assessed
  by
  the
  ration
  between
  the
  absorbance
  at
  260
 nm
and
  280
 nm,
  this
  ratio
  was
  always
  above
  1.8.
  Equal
  amount
  of
the
  isolated
  RNA
  was
  converted
  to
  cDNA
  by
  the
  use
  of
  Super-
Script
  II
  Rnase
  H
  Reverse
  Transcriptase
  and
  Oligo(dT)12–18
  Primer
(Invitrogen,
  Carlsbad,
  CA,
  USA),
  according
  to
  the
  manufacturer’s
instruction.
 The
 relative
 mRNA
 content
 of
 the
 samples
 was
 assessed
by
  the
  use
  of
  PCR
  with
  speciﬁc
  primers
  and
  a
  TaqMan
  probes.
  Equal
volumes
 of
 cDNA
 were
 mixed
 with
 speciﬁc
 primers,
 TaqMan
 probes
and
  TaqMan® 2×
  universal
  PCR
  Master
  Mix
  (Applied
  Biosystems,
Carlsbad,
  CA,
  USA).
  The
  PCR
  reaction
  was
  conducted
  in
  duplicates
using
  a
  ABI
  7900
  HT
  sequence
  detection
  system
  (Applied
  Biosys-
tems,
  Carlsbad,
  CA,
  USA)
  under
  the
  following
  conditions:
  50 ◦C
  for
2
 min,
  95 ◦C
  for
  10
 min
  followed
  by
  40
  cycles
  of
  95 ◦C
  for
  15
 s
  and
60 ◦C
  for
  1
 min.
Primers
  and
  TaqMan
  probes
  (Table
  1)
  were
  designed
  using
Primer
  Express
  (Version
  2,
  Applied
  Biosystems,
  Carlsbad,
  CA,
  USA).
To
  test
  for
  unspeciﬁc
  DNA
  ampliﬁcation,
  samples
  with
  genomic
DNA
  or
  H2O
  were
  subject
  to
  the
  PCR.
  Relative
  mRNA
  expression
was
 calculated
 by
 the
 obtained
 Ct
 values
 and
 normalized
 against
 the
mRNA
  expression
  of
  GAPDH.
  The
  expression
  of
  the
  control
  group
was
  arbitrarily
  set
  to
  1.92 M.K.
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Table
  1
Primers
  and
  probes
  for
  PCR.
Gene
  Name
  Sequence
  (5 –3 )
  Ref.
3-HSD Forward
  primer
  GGGCGAGAGACCGTCATG ENSSSCG00000006719
Reverse
  primer ACGCTGGCCTGGACACA
Probe AGGTCAATGTGAAAGGTACCCAGCTC
SULT2A1 Forward
  primer
  TTCCAGGAGAAGATGGCAGATC ENSSSCG00000003130
Reverse
  primer
  AGGATTGGGAAGTTTGTGAACATT
Probe
  TCCTCAAGAGCTGTTCCCATGGCAA
HSP70 Forward
  primer
  GGCAAGGCCAACAAGATCAC [46]
Reverse
  primer TTCTCAGCCTCCTGCACCAT
Probe ACAAGGGCCGCCTGAGCAAGG
GAPDH Forward
  primer
  GTCGGAGTGAACGGATTTGG [47]
Reverse
  primer
  CAATGTCCACTTTGCCAGAGTTAA
Probe
  CGCCTGGTCACCAGGGCTGCT
2.5.
  Protein
  expression
Microsomes
  were
  prepared
  by
  homogenization
  of
  frozen
  liver
samples
  in
  Tris–sucrose
  buffer
  (10
 mM
  Tris–HCl,
  250
 mM
  sucrose,
pH
  7.4)
  and
  ultracentrifugation
  according
  to
  Rasmussen
  et
  al.
  [24].
Cytosolic
  proteins
  were
  detected
  in
  the
  liquid
  phase
  origin
  from
the
  microsome
  preparation.
  Before
  the
  cytosolic
  fraction
  was
  sub-
jected
  to
  Western
  blotting,
  trichloroacetic
  acid
  was
  added
  to
  a
  ﬁnal
concentration
  of
  12%
  and
  left
  on
  ice
  for
  10
 min.
  The
  precipitated
proteins
  were
  isolated
  by
  20
 min
  centrifugation
  at
  20.000
 ×
 g
  (4 ◦C)
and
  washed
  twice
  with
  ice
  cold
  acetone.
  The
  ﬁnal
  pellet
  was
  re-
dissolved
  in
  a
  buffer
  containing
  100
 mM
  Tris-base
  with
  4%
  SDS
  (pH
9.5).
Total
 protein
 concentrations
 in
 the
 samples
 were
 detected
 using
a
 BCA
 kit
 (Pierce)
 according
 to
 the
 manufacturer’s
 instruction.
 Equal
amounts
  of
  total
  proteins
  were
  subject
  to
  Western
  blotting,
  con-
ducted
  according
  to
  Rasmussen
  et
  al.
  [24].
  By
  using
  this
  approach
the
  relative
  protein
  expression
  was
  normalized
  against
  the
  total
protein
  concentration
  of
  the
  samples,
  to
  asses
  equal
  loading
  of
total
  protein
  amounts,
  blotting
  efﬁciency
  and
  uniformity
  all
  blots
were
  stained
  with
  Ponceau
  S
  and
  visual
  inspected
  before
  use.
  This
strategy
  has
  previously
  been
  used
  to
  investigate
  relative
  changes
in
  speciﬁc
  protein
  expression
  between
  groups
  [25,26].
For
  detection
  of
  3-HSD
  we
  used
  the
  R1484
  antibody
  kindly
donated
 by
 Professor
 J.I.
 Mason
 (Division
 of
 reproductive
 and
 devel-
opmental
 science,
 University
 of
 Edinburgh,
 Scotland).
 The
 SULT2A1
was
  detected
  with
  an
  antibody
  purchased
  from
  Santa
  Cruz
  (Santa
Cruz,
  CA,
  USA),
  while
  HSP70
  was
  detected
  with
  an
  antibody
  from
Abcam
  (Cambridge,
  UK).
  Representative
  Western
  blots
  of
  all
  anti-
bodies
  are
  given
  in
  Fig.
  1.
The
  average
  protein
  expression
  of
  control
  feed
  pigs
  was
  arbi-
trary
  set
  to
  100
  and
  the
  value
  of
  experimental
  feed
  pigs
  expressed
relative
  to
  this.
Fig.
  1.
  Representative
  Western
  blots.
  CON:
  control
  feed
  pigs;
  DCR:
  chicory
  feed
pigs.
  Arrows
  indicate
  position
  of
  molecular
  weight.
2.6.
  Statistical
  analysis
Differences
  between
  groups
  were
  assessed
  by
  Student’s
unpaired
  t-test.
  The
  differences
  were
  considered
  signiﬁcant
  at
p
 <
 0.05.
3.
  Results
3.1.
  Concentrations
  of
  androstenone,
  testosterone,
  estradiol
  and
IGF-1
Pigs
  fed
  chicory
  root
  had
  signiﬁcantly
  lower
  concentrations
  of
androstenone
  in
  adipose
  tissue
  samples
  (p
 <
 0.05;
  Table
  2).
  Fur-
thermore,
  there
  was
  a
  tendency
  (p
 <
 0.1)
  toward
  lower
  estradiol
concentrations
  in
  plasma
  of
  chicory
  fed
  pig.
  Neither
  testosterone
nor
  IGF-1
  was
  altered
  by
  the
  presence
  of
  chicory
  root
  in
  the
  diet.
3.2.
  Hepatic
  expression
  of
  3ˇ-HSD,
  SULT2A1
  and
  HSP70
The
  group
  of
  pigs
  fed
  chicory
  root
  showed
  increased
  3-HSD
mRNA
  (+318%;
  p
 <
 0.01;
  Fig.
  2)
  and
  protein
  (+15%;
  p
 <
 0.05;
  Fig.
  3)
expression
  compared
  to
  control
  feed
  pigs.
  There
  was
  no
  difference
in
  mRNA
  and
  protein
  expression
  of
  SULT2A1
  between
  chicory
  and
control
  fed
  pigs
  (p
 >
 0.05).
The
 chicory
 fed
 pigs
 had
 38.6%
 lower
 mRNA
 expression
 of
 HSP70
compared
  to
  the
  control
  group
  (p
 <
 0.05;
  Fig.
  4A).
  Furthermore,
protein
  expression
  of
  HSP70
  in
  the
  chicory
  fed
  group
  was
  25.0%
(p
 <
 0.05;
  Fig.
  4B)
  and
  16.3%
  (p
 >
 0.05;
  Fig.
  4C)
  lower
  in
  microsomes
and
  the
  cytosolic
  fraction,
  respectively,
  compared
  to
  control.
3.3.
  Concentration
  of
  skatole
  and
  indole
  in
  plasma
  and
  fat
Pigs
  fed
  chicory
  root
  had
  increased
  concentrations
  of
  indole
in
  adipose
  tissue
  (p
 <
 0.01),
  while
  no
  differences
  were
  observed
in
  plasma
  (p
 >
 0.05;
  Table
  3).
  There
  were
  no
  differences
  in
  ska-
tole
  concentrations
  in
  plasma
  and
  adipose
  tissue
  between
  control
and
  chicory
  fed
  pigs
  (p
 >
 0.05;
  Table
  3).
  Irrespectively
  of
  feed,
  all
investigated
  animals
  showed
  concentrations
  of
  skatole
  well
  below
Table
  2
Effect
  of
  oral
  administration
  of
  chicory
  root
  on
  concentrations
  of
  androstenone,
testosterone,
  estradiol
  and
  IGF-1
  in
  entire
  male
  pigs.
CON
  DCR
  p-Value
Androstenone
  (ng/ml) 2.3
  ±
  0.7
  0.9
  ±
  0.1
  0.02
Testosterone
  (ng/ml)
  7.8
  ±
  1.9
  5.1
  ±
  1.0
  0.19
Estradiol
  (pg/ml)
  24.9
  ±
  10.7
  10.3
  ±
  2.5
  0.06
IGF-1
  (ng/ml) 343.8
  ±
  63.9
  394.4
  ±
  22.1
  0.34
CON:
  control
  fed
  pigs
  (n
 =
 6),
  DCR:
  dried
  chicory
  root
  fed
  pigs
  (n
 =
 16).
  Values
  are
mean
 ±
 standard
  error.M.K.
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Fig.
  2.
  Relative
  mRNA
  expressions
  of
  hepatic
  3-HSD
  and
  SULT2A1.
  CON:
  control
fed
  pigs
  (n
 =
 6),
  DCR:
  dried
  chicory
  root
  fed
  pigs
  (n
 =
 14).
  Values
  are
  mean
 ±
 standard
error.
  Levels
  of
  signiﬁcance:
  *p
 <
 0.05.
Fig.
  3.
  Relative
  protein
  expression
  of
  hepatic
  3-HSD
  and
  SULT2A1.
  CON:
  control
fed
  pigs
  (n
 =
 6),
  DCR:
  dried
  chicory
  root
  fed
  pigs
  (n
 =
 14).
  Values
  are
  mean
 ±
 standard
error.
  Levels
  of
  signiﬁcance:
  *p
 <
 0.05.
Table
  3
Effect
  of
  oral
  administration
  of
  chicory
  root
  on
  concentrations
  of
  skatole
  and
  indole
in
  adipose
  tissue
  and
  plasma
  of
  entire
  male
  pigs.
CON
  DCR
  p-Value
Fat
  (ng/ml)
Skatole 49.3
  ±
  19.6
  44.2
  ±
  4.1
  0.72
Indole
  24.7
  ±
  7.8
  59.3
  ±
  6.7
  0.01
Plasma
  (ng/ml)
Skatole
  4.1
  ±
  1.0
  5.5
  ±
  0.8
  0.34
Indole
  3.5
  ±
  0.5
  5.3
  ±
  0.8
  0.26
CON:
  control
  fed
  pigs
  (n
 =
 6);
  DCR:
  dried
  chicory
  root
  fed
  pigs
  (n
 =
 16).
  Values
  are
mean
 ±
 standard
  error.
the
  threshold
  value
  used
  for
  boar
  taint
  detection
  (0.20–0.25
 ppm;
[27]).
4.
  Discussion
The
  present
  study
  is
  an
  extension
  of
  our
  earlier
  work
  investi-
gating
  the
  in
  vivo
  effects
  of
  feeding
  chicory
  root
  to
  entire
  male
pigs.
  We
  have
  previously
  shown
  that
  pigs
  fed
  chicory
  root
  have
increased
  mRNA
  expression
  of
  CYP1A2,
  2A
  and
  2E1
  and
  that
  pro-
tein
 expression
 and
 enzyme
 activity
 of
 CYP1A2
 and
 2A
 are
 increased
[18].
  In
  the
  present
  study
  we
  showed
  that
  chicory
  fed
  pigs
  have
Fig.
  4.
  Relative
  expression
  of
  hepatic
  heat-shock
  protein
  70.
  (A)
  mRNA
  expression;
(B)
  protein
  expression
  in
  microsomes
  and
  (C)
  protein
  expression
  in
  cytosolic
  phase.
CON:
  control
  fed
  pigs
  (n
 =
 6),
  DCR:
  dried
  chicory
  root
  fed
  pigs
  (n
 =
 14).
  Values
  are
mean
 ±
 standard
  error.
  Levels
  of
  signiﬁcance;
  *p
 <
 0.05.
decreased
  accumulation
  of
  androstenone
  in
  the
  adipose
  tissue,
  as
well
 as
 increased
 levels
 of
 mRNA
 and
 protein
 expression
 of
 3-HSD.
High
  concentration
  of
  androstenone
  in
  pig
  adipose
  tissue
  is
associated
  with
  decreased
  meat
  quality
  due
  to
  its
  unpleasant
odor.
  Androstenone
  is
  produced
  in
  great
  amounts
  in
  the
  testes
  at
the
  onset
  of
  puberty.
  The
  standard
  procedure
  to
  avoid
  increased
androstenone
  accumulation
  in
  adipose
  tissue
  is
  to
  surgically
  cas-
trate
  male
  piglets
  [14].
  However,
  alternatives
  to
  surgical
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are
 intensively
 studied
 due
 to
 increased
 concern
 about
 unfavorable
effects
  of
  castration
  to
  animal
  health
  and
  welfare.
  These
  alterna-
tives
  should
  be
  acceptable
  with
  respect
  to
  welfare,
  sustainable
use
  of
  natural
  recourses
  and
  palatability
  of
  pork
  products.
  Dif-
ferent
  feeding
  regimes
  have
  been
  investigated
  for
  their
  ability
  to
decrease
  androstenone
  accumulation
  in
  pigs.
  Dietary
  supplement
of
  raw
  potato
  starch
  showed
  no
  effect
  on
  androstenone
  accumula-
tion
  in
  adipose
  tissue
  [28,29].
  In
  a
  study
  by
  Hansen
  et
  al.
  [30],
  lower
androstenone
  concentration
  in
  blood
  was
  found
  in
  pigs
  fed
  crude
chicory
  root
  for
  9
  weeks.
  The
  same
  study
  showed
  that
  addition
of
  pure
  inulin
  to
  the
  feed
  had
  no
  effect
  on
  androstenone
  accu-
mulation.
  Furthermore,
  addition
  of
  lupine
  to
  the
  feed
  decreases
the
  androstenone
  concentration
  in
  fat
  [31].
  However,
  other
  studies
investigating
  androstenone
  accumulation
  have
  failed
  to
  show
  an
effect
  of
  dietary
  composition
  [32].
It
  is
  generally
  accepted
  that
  variations
  in
  androstenone
  levels
are
  due
  to
  the
  difference
  in
  the
  balance
  between
  the
  testicular
synthesis
  and
  hepatic
  metabolism
  [3].
  In
  the
  present
  study
  we
found
  lower
  concentrations
  of
  androstenone
  in
  adipose
  tissue
  of
pigs
  fed
  chicory
  root
  for
  16
  days.
  To
  elucidate
  the
  mechanism
of
  this
  reduction,
  we
  measured
  mRNA
  and
  protein
  expression
  of
two
  main
  androstenone-metabolizing
  enzymes
  in
  the
  liver.
  As
we
  predicted
  in
  our
  hypothesis,
  the
  mRNA
  and
  protein
  expres-
sion
  of
  the
  Phase
  I
  androstenone
  metabolizing
  enzyme
  3-HSD
were
  increased
  in
  the
  pigs
  fed
  chicory
  root.
  This
  is
  in
  accordance
with
  earlier
  studies,
  showing
  that
  androstenone
  accumulation
  in
fat
  is
  negatively
  correlated
  to
  the
  protein
  expression
  of
  3-HSD
in
  the
  liver
  [33].
  High
  3-HSD
  expression
  and
  activity
  enhance
androstenone
  metabolism
  and
  thereby
  decrease
  the
  accumula-
tion
  of
  androstenone
  in
  adipose
  tissue.
  Nicolau-Solano
  and
  Doran
[34]
  showed
  that
  in
  vitro
  3-HSD
  protein
  expression
  in
  primary
porcine
  hepatocytes
  increased
  upon
  treatment
  with
  androstenone
and
  estrone
  sulfate.
  This
  effect
  was
  observed
  in
  hepatocytes
  iso-
lated
  from
  heavier
  pigs
  (90
 kg)
  and
  only
  in
  a
  limited
  range
  of
androstenone
  and
  estrone
  sulfate
  concentrations.
  In
  the
  present
in
  vivo
  study
  we
  showed
  that
  the
  pigs
  fed
  chicory
  root
  had
  lower
androstenone
  concentrations
  and
  a
  tendency
  toward
  lowering
  of
estradiol
  concentrations
  in
  plasma,
  suggesting
  that
  a
  similar
  mech-
anism
  is
  involved
  in
  the
  regulation
  of
  both
  testicular
  steroids.
Hepatic
  SULT2A1
  is
  another
  important
  enzyme
  in
  the
metabolism
  of
  androstenone.
  Expression
  and
  activity
  of
  SULT2A1
were
  shown
  to
  be
  related
  to
  the
  capacity
  of
  androstenone
  to
  accu-
mulate
  in
  fat
  [35].
  The
  present
  study
  demonstrated
  no
  effect
  of
dietary
 supplement
 with
 chicory
 root
 on
 SULT2A1
 expression.
 Thus,
the
  difference
  in
  androstenone
  levels
  between
  chicory
  root
  and
control
  fed
  pigs
  is
  not
  related
  to
  SULT2A1
  expression.
Plasma
  levels
  of
  testosterone
  and
  IGF-1
  did
  not
  differ
  between
the
  two
  groups
  of
  pigs.
  This
  is
  an
  important
  ﬁnding.
  Usu-
ally,
  a
  reduction
  in
  androstenone
  levels
  is
  paralleled
  by
  a
reduction
  in
  anabolic
  hormones
  including
  testosterone.
  This
  dis-
advantage
  was
  observed
  during
  selection
  experiments
  against
high
  androstenone
  levels
  [36,37].
  Active
  immunization
  against
gonadotropin-releasing
  hormone,
  an
  alternative
  to
  surgical
  cas-
tration,
  does
  not
  selectively
  reduce
  the
  levels
  of
  androstenone,
but
  blocks
  the
  production
  of
  all
  testicular
  steroids
  [38].
  IGF-1
concentrations
  in
  plasma
  are
  also
  lower
  in
  immunized
  pigs
  com-
pared
  to
  entire
  male
  pigs
  [39].
  In
  contrast,
  in
  the
  present
  study,
the
  use
  of
  chicory
  root
  in
  the
  diet
  led
  to
  decreased
  levels
  of
androstenone
  in
  adipose
  tissue
  while
  maintaining
  unaltered
  levels
of
  testosterone
  and
  IGF-1,
  and
  thus
  an
  intact
  anabolic
  poten-
tial.
  This
  suggests
  that
  chicory
  root
  in
  the
  diet
  can
  be
  used
  to
selectively
  reduce
  androstenone
  without
  negative
  effect
  on
  pig
growth.
Taken
  together
  this
  indicates
  that
  the
  differences
  in
androstenone
  levels
  found
  between
  the
  two
  groups
  of
  pigs
are
  due
  to
  increased
  androstenone
  catabolism
  and
  not
  anabolism,
given
  the
  differences
  in
  3-HSD,
  but
  no
  difference
  in
  testosterone.
The
 levels
 of
 testosterone
 and
 androstenone
 are
 strongly
 correlated
[23,40],
  indicating
  the
  there
  was
  no
  difference
  in
  the
  androstenone
anabolism
  in
  the
  two
  groups
  of
  pigs.
A
  well
  documented
  effect
  of
  dietary
  supplementation
  with
chicory
  root
  is
  a
  decrease
  in
  the
  skatole
  production
  and
  accumu-
lation
  [41].
  In
  the
  present
  study
  we
  found
  no
  difference
  in
  skatole
concentrations
  in
  plasma
  and
  adipose
  tissue
  between
  control
  and
chicory
  root
  fed
  pigs.
  This
  is
  to
  some
  extent
  surprising,
  because
we
  have
  previously
  shown
  that
  skatole
  metabolizing
  enzymes
(CYP1A2,
 2A
 and
 2E1)
 in
 the
 liver
 are
 up-regulated
 when
 pigs
 are
 fed
with
 chicory
 root
 [18].
 Thus,
 it
 could
 be
 expected
 that
 skatole
 will
 be
metabolized
  faster
  and
  less
  skatole
  will
  be
  available
  to
  accumulate
in
  fat.
  This
  ﬁnding
  can
  be
  explained
  by
  the
  fact
  that
  skatole
  concen-
trations
  in
  this
  experiment
  were
  very
  low
  even
  in
  control
  pigs
  and
thus
  they
  might
  not
  be
  genetically
  inclined
  to
  absorb
  high
  levels
  of
skatole
  into
  the
  blood
  stream
  and
  adipose
  tissue.
  Alternatively,
  the
low
  skatole
  levels
  in
  the
  pigs
  might
  be
  explained
  by
  a
  high
  hygienic
environment
  [42].
  In
  contrast,
  indole
  levels
  in
  the
  adipose
  tissue
were
  greater
  in
  the
  chicory
  fed
  pigs.
  It
  is
  generally
  accepted
  that
skatole
  and
  indole
  are
  regulated
  by
  a
  similar
  mechanism
  due
  to
  the
common
  precursor
  [43]
  and
  a
  similar
  enzymatic
  system
  involved
in
  the
  metabolism
  of
  both
  compounds
  [3,44].
  Thus,
  it
  is
  expected
that
  dietary
  manipulations
  would
  affect
  both
  skatole
  and
  indole
  in
a
  similar
  way.
  However,
  a
  previous
  study
  demonstrated
  that
  this
  is
not
  always
  true.
  Chen
  et
  al.
  [28]
  found
  that
  a
  dietary
  supplement
of
  raw
  potato
  starch
  reduced
  skatole,
  but
  not
  indole
  levels
  in
  fat.
Furthermore,
  addition
  of
  fructooligosaccharide
  to
  pig
  fecal
  slurries
signiﬁcantly
  reduced
  skatole
  but
  not
  indole
  synthesis
  from
  tryp-
tophan
  [45].
  Thus,
  taken
  together
  these
  in
  vivo
  and
  in
  vitro
  results
imply
  that
  the
  regulation
  of
  skatole
  and
  indole
  in
  porcine
  tissues
might
  differ.
  More
  studies
  are
  needed
  to
  investigate
  the
  underlying
mechanism
  of
  these
  differences.
To
 evaluate
 if
 chicory
 root
 in
 the
 diet
 increased
 the
 cellular
 stress
of
  the
  liver,
  the
  expression
  of
  HSP70
  was
  analyzed.
  HSP70
  is
  up-
regulated
  when
  cells
  are
  stressed
  by
  heat,
  xenobiotics,
  etc.
  [19,20]
and
  is
  often
  used
  as
  a
  marker
  of
  cellular
  stress.
  The
  HSP70
  mRNA
and
  protein
  expressions
  in
  the
  chicory
  fed
  pigs
  were
  not
  increased
compared
  to
  control
  pigs.
  This
  indicates
  that
  the
  effects
  found
  in
the
  present
  study
  and
  the
  effects
  found
  by
  Rasmussen
  et
  al.
  [18]
are
  not
  due
  to
  increased
  hepatic
  stress.
5.
  Conclusion
The
  present
  study
  showed
  that
  feeding
  dried
  chicory
  root
  to
male
  pigs
  for
  16
  days
  prior
  to
  slaughter
  reduces
  the
  concentra-
tion
  of
  androstenone
  in
  adipose
  tissue
  while
  the
  concentrations
of
  testosterone
  and
  IGF-1
  remained
  unaltered.
  We
  demonstrated
that
  the
  reduction
  in
  androstenone
  levels
  is
  likely
  due
  to
  increased
mRNA
  and
  protein
  expression
  of
  3-HSD,
  while
  SULT2A1
  was
  not
involved
  in
  this
  reduction.
  The
  present
  changes
  were
  not
  due
  to
increased
  cellular
  stress
  as
  reﬂected
  by
  the
  level
  of
  HSP
  70.
  Indole
levels
  in
  fat
  were
  increased
  in
  the
  pigs
  fed
  chicory
  root,
  whereas
skatole
  levels
  remained
  unaltered.
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